Hypercholesterolemia is reported to attenuate endothelial function and exercise training has been reported to augment endothelial function. We hypothesized that exercise training would improve endothelial function of coronary arterioles from pigs in the early stages of cardiovascular disease induced by a high fat/cholesterol diet. Yucatan miniature swine were fed a normal (NF) or high fat (HF, 2% cholesterol) diet for 20wks in which 8% and 46% of their kcal were derived from fat, respectively. Both groups Interestingly, the relative contribution of nitric oxide to BK induced dilation, as assessed with L-NAME, was similar in NF, HF, SED and EX arterioles. These results suggest that in the early stages of cardiovascular disease, a high fat/cholesterol diet has modest effects on endothelial dependent dilation in coronary arterioles; nonetheless these effects are prevented/reversed with exercise training.
INTRODUCTION:
Several studies suggest hypercholesterolemia attenuates endothelial function by altering the nitric oxide synthase (NOS) pathway and/or reducing the bioavailability of nitric oxide (1, 16, 25, 28, 30) . Further, there is evidence that endothelial dysfunction occurs in humans prior to atheroma formation (12, 13) . Taken together, these data suggest a reduction in nitric oxide release by the endothelium may set the stage for cardiovascular disease.
In the coronary circulation, where oxygen extraction is near maximal, changes in endothelial dependent dilation can have significant consequences if other mediators fail to compensate. Indeed, the primary mediator of flow induced dilation in the coronary microcirculation shifts from nitric oxide in healthy patients to an endothelial dependent hyperpolarizing factor (EDHF) in patients with coronary artery disease (14) . It is possible the shift in mediator balance to EDHF is a compensation for the loss of nitric oxide. As nitric oxide inhibits platelet aggregation and thrombus formation, responses to aggregating platelets may also change with coronary artery disease. Indeed, endothelial dependent dilation to aggregating platelets is attenuated in iliac arteries of swine with advanced vascular disease produced by feeding a high fat/cholesterol diet (6) . Further, in the presence of advanced stages of coronary artery disease sensitivity to ADP and serotonin, two factors released by aggregating platelets, are attenuated in coronary arterioles of swine (7) .
There is evidence that exercise has beneficial effects in the prevention and treatment of coronary artery disease through maintaining or restoring endothelial function by enhancing nitric oxide production (9, 11, 15, 29) and extending nitric oxide bioavailability by increasing the expression of superoxide dismutase (SOD) (18, 19) . In human coronary artery disease patients with coronary endothelial dysfunction, exercise training improves mean peak flow velocity and coronary blood flow reserve responses to acetylcholine (5) . This study suggests endothelial function in coronary conduit and resistance arteries are improved with exercise training. From these data, we hypothesized exercise training will maintain more normal endothelial function in coronary arterioles of pigs consuming a high fat/cholesterol diet. Importantly, we used a model of early coronary disease induced by feeding pigs a diet with high fat: 17% coconut oil by weight and high cholesterol: 2% cholesterol by weight. Results indicate that these pigs are in
Stary stage I-III in the progression of vascular disease (23). We also observed that exercise training preserved endothelial function in conduit coronary arteries (25, 30) , and brachial arteries of pigs with this model of early vascular disease. (31) . This stage of disease generally occurs at the first to second decade of life in humans and would present no clinical symptoms (22, 23) .
METHODS:

Experimental Animals and diet:
One hundred and seventeen adult male Yucatan miniature swine (7 months) were obtained from the breeder (Charles River) and maintained in accordance with the standards set forth by the American Association for Laboratory Animal Care and the University of Missouri Institutional Animal Care and Use Committee. At sacrifice pigs weighed (42.6 ± 0.6 kg) and were approximately 1 year of age. Control pigs were fed a normal-fat (NF) diet (Purina Lab Mini-Pig Breeder Chow) in which 8% of their daily caloric intake was derived from fat. High-fat (HF) fed pigs were fed the same pig chow supplemented with (by weight): 2% cholesterol, 17.1% coconut oil, 2.3% corn oil and 0.7% sodium cholate. This diet derives 46% of the daily caloric intake from fat. All pigs were fed once per day and were maintained on their respective diets for 20 weeks until sacrifice. This high fat diet produces a similar amount of hypercholesterolemia in sedentary and exercise trained pigs as previously reported (24).
Training Program:
All pigs were familiarized with running on a motorized treadmill and performance tests were conducted to establish baseline exercise tolerance. Pigs were then randomly divided into sedentary (SED) or exercise trained (EX) groups. Sedentary pigs were confined to their pens (2x4m) for 20 weeks. For EX pigs, a progressive treadmill training protocol was implemented in which pigs trained 5 days per week for 16 weeks. By the 12 th week, training intensity reached a plateau and consisted of the following: 5 min warm up at 2.5 mph, 15 min sprint at 5-8 mph, 60 min endurance run at 4-5 mph and a 5 min cool down at 2.5 mph. Exercise tolerance tests were administered to all pigs at the end of the study to verify the efficacy of exercise training by measuring exercise duration and heart rate (17) . Additionally, at sacrifice, heart weight/body weight ratios and skeletal muscle oxidative capacity were measure by citrate synthase activity (15) . This training program leads to adaptations classically associated with the exercise trained state in mammals.
Isolation of Coronary Arterioles:
Pigs were sedated with Ketamine (Fort Dodge: 35mg/kg, i.m.) and Xylazine (Bayer:
2.25mg/kg i.m.) and anesthetized with Thiopental (Abbott Labs: 10mg/kg, i.m.). A tracheotomy was performed and the animal was placed on mechanical ventilation. The right jugular vein was catheterized for blood sampling. Heparin (1000 IU/kg) was administered i.v., a left thoracotomy was preformed and the heart was rapidly removed and placed in ice cold physiological saline solution (PSS). A portion of the left ventricular apex was removed and placed into a dissection chamber filled with PSS maintained at 4 C. With the aid of a dissecting microscope, epicardial coronary arterioles, 75-100 m in intraluminal diameter were isolated from the surrounding tissue at a depth not exceeding 3.0mm. Arterioles were transferred to a Plexiglass chamber containing PSS + albumin, equilibrated with room air at ambient temperature. Glass micropipettes, pulled to 50 m in outer diameter, were filled with filtered PSS + albumin and used to cannulate each vessel. Vessels were secured with 11-0 ophthalmic suture. The glass micropipettes were connected to independent reservoirs which were raised 60cm above the vessel chamber. This pressurized the vessel to 44mmHg. This pressure was selected because in vivo studies have suggested intravascular pressures in coronary arterioles of this size are approximately this pressure (4) . Arterioles were allowed to equilibrate for 1hr during which the temperature of the chamber was raised and maintained at 37 C with a circulating water bath. During the 1hr equilibration period, the PSS + albumin solution was replaced 2-4 times and 80mM KCl was used to stimulate and verify functional vessels. Arterioles were required to develop at least 20% spontaneous tone. The cannulated vessel was viewed with an inverted microscope and displayed on a TV monitor equipped with video micrometers to measure intraluminal diameter.
The PSS used in these experiments consisted of, (in mM): 145 NaCl, 4. PSS + albumin contained 10mg/ml bovine serum albumin (US Biochem Bovine; fraction V: 98-99% albumin).
Fifteen animals underwent catheter laboratory procedures under isoflurane anesthesia to assess in vivo coronary arterial responses to bradykinin and adenosine. Four HFSED pigs received additional high fat feed to determine whether caloric matching to HFEX would augment atheroma formation. Arterioles from these pigs were compared to earlier studies and no statistical effects of these interventions were detected.
Protocol #1: Receptor and non-receptor mediated dilation.
To assess the effect of HF and exercise training on endothelial dependent dilation, bradykinin ((BK): 3e-14 to 1e-8M) was added to the bath in half log doses. To assess non-receptor mediated endothelial dependent dilation, flow induced dilation was used.
For flow experiments, glass micropipettes were matched for electrical resistance and flow was generated by raising and lowering the micropipette reservoirs equally (8 and 250 x 10 2 platelets/ l). Arterioles were then evaluated with adenosine diphosphate ((ADP): 1e-9 to 1e-4)) and then sodium nitroprusside ((SNP):1e-8 to 1e-4)) in the presence of Indo and Ketanserin. ADP is a mediator released by aggregating platelets and SNP assesses endothelial independent dilation.
Protocol #3: Assessing NOS, COX and non-NOS/non-COX mediators:
A third series of experiments were conducted to further examine the effect of HF and exercise training on endothelial dependent mediators. In these experiments, BK induced dilation was further examined in the presence of L-NAME (300 M), a non-selective inhibitor of nitric oxide synthase and/or Indo (5 M). Arterioles were incubated with inhibitors for 20 minutes prior to BK dose response studies. Some arterioles were exposed to different sequences of inhibitors with L-NAME or Indo preceding the combined inhibition of L-NAME + Indo. L-NAME + Indo responses were similar regardless of prior exposure to L-NAME or Indo. At the end of each experiment, arterioles were exposed to 100 M SNP to determine maximal diameter. Mayer's Hematoxylin stain for 1 min, dehydrated, and coverslipped as described previously (10) . Sections were photographed with an Olympus BX40 photomicroscope and Spot Insight Color camera (Diagnostic Instruments).
Immunoblots:
Protein content of endothelial nitric oxide synthase (eNOS) was measured in isolated There was no significant difference in diameter or length of arterioles between groups.
Membranes were probed with primary antibodies specific for eNOS (1:2500, Transduction labs). Secondary antibodies were conjugated to horseradish peroxidase.
All antibody and blocking solutions contained 5% non-fat milk and 0.1% tween in trisbuffered saline. Chemiluminescent (ECL, Amersham) immunoblot signals were captured and quantified using the Syngene Chemi-Genus 2 Bio-Imaging System and software (Syngene). For diet and exercise comparisons equal numbers of samples from the treatment groups being compared were loaded in the same gel.
Asymmetrical Dimethyl Arginine (ADMA) Assay:
Plasma samples from male swine were shipped to: Medical Science Labs in Palo Alto, CA 94301, for an enzyme-linked immunosorbent assay (ELISA) for ADMA.
Gender:
Forty-six female pigs were subdivided into: NFSED, NFEX, HFSED and HFEX groups.
In these studies, female arterioles were pre-constricted with endothelin if they did not develop > 20% spontaneous tone. Responses to BK and SNP were assessed. Data from these studies are presented at the end of the results section.
Data analysis:
Data for concentration response relationships are presented as changes in relative diameter and percent possible dilation. Briefly, relative diameter is the ratio of the arteriole diameter relative to the maximal diameter possible: (Dd/Dmax x 100). This measure corrects for differences in maximal diameters. Percent possible dilation is the percent change in diameter relative to the maximal change in diameter possible: (DdDb)/(Dmax-Db) x 100. This measure corrects for differences in maximal and beginning diameters. (Db = Diameter at baseline with spontaneous tone, Dd = Diameter after a drug intervention, Dmax = maximal diameter possible).
All values are means ± SE with statistical significance at (p = 0.05). One-way ANOVA was used to identify between-group differences in beginning and ending arteriole diameters and EC 50 values. One-way ANOVA with repeated measures was used to determine differences in enzyme inhibitors on BK induced dilation within each group.
Two-way ANOVA with repeated measures on two variables, diet and exercise, were used to determine differences in concentration-response curves, followed by least squares means analysis to identify differences associated with diet or exercise.
RESULTS:
Arterioles:
Epicardial coronary arterioles, 75-100 m in intra-luminal diameter were selected from the left ventricular apex. To be included in this study, male arterioles were required to develop 20% spontaneous tone. One-way ANOVA revealed significant variation in intra-luminal diameters of maximally dilated arterioles (p = 0.007), (Table 1) . Further, intra-luminal diameters of arterioles with spontaneous tone were significantly different, with HF arterioles having greater tone: NFSED vs. HFSED and NFEX vs. HFEX (p < 0.001), (Table 1) . Relative diameters were calculated to correct for differences in maximal diameter. One-way ANOVA on relative diameters of spontaneously constricted arterioles revealed that HF arterioles had greater tone: NFSED vs. HFSED (p = 0.006) and NFEX vs. HFEX (p = 0.017). There was no effect of exercise on relative spontaneous tone: NFSED vs. NFEX (p = 0.992) and HFSED vs. HFEX (p = 0.993), (Table 1) .
Interestingly, inhibition of NOS and/or COX with L-NAME and/or Indo, respectively, did not alter the amount of tone in HFEX arterioles (p = 0.659). In NFSED, NFEX and HFSED, L-NAME significantly reduced baseline relative diameter (p < 0.008), while
Indo did not alter the amount of tone developed. Also of interest, the reduction in basal diameter with L-NAME + Indo was less than L-NAME alone, with basal diameter being significantly reduced with L-NAME + Indo in NFEX (p = 0.03), but not NFSED (p = 0.09) or HFSED (p = 0.20) (Table 1) .
Diet:
Plasma lipid data have been reported previously (24). Briefly, the HF diet significantly increased the following, total cholesterol: 58. 
Exercise training:
The efficacy of the exercise protocol leading to the trained state in pigs has been reported previously (9, 15, 18, 29) . Pigs used in the present study demonstrated increased exercise 
Effect of inhibitors in each group:
One-way ANOVA with repeated measures was employed to determine the effect of enzyme inhibition on BK induced dilation in each group. In the presence of L-NAME, dilation to BK was significantly attenuated in all groups: NFSED (P = 0.007); NFEX (P = 0.023); HFSED (P = 0.008); HFEX (P = 0.008) (Fig. 5a-d) . Indo did not alter BK induced responses: NFSED (P = 0.999); NFEX (P = 0.999); HFSED (P = 0.748); HFEX (P = 0.466) (Fig. 5a-d) . L-NAME + Indo significantly attenuated BK induced dilation in all groups: NFSED (P = 0.013); NFEX (P = 0.039); HFSED (P = 0.003); HFEX (P = 0.046) (Fig. 5a-d) .
Effect of inhibitors between groups:
Two-way ANOVA with repeated measures was used to determine if there were differences between groups and their responses to enzyme inhibition. Responses to L-NAME were similar among groups and were not influenced by diet ( 
IHC and Immunoblot analysis:
Immunohistochemistry revealed staining for eNOS, confined to the endothelium, in arterioles from all groups of animals ( Figure 7 ). In the absence of primary antibody against eNOS, no immunoreactivity was detected (data not shown). The effect of HF and exercise training on eNOS protein levels in coronary arteriole homogenates are shown in It is important to emphasize that the left anterior descending (LAD) coronary arteries of the same pigs that supplied the arterioles used in this study exhibited blunted endothelial function in HFSED pigs and that exercise training reversed these effects with HFEX LADs exhibiting normal BK-induced relaxation (23). These results suggest that the effects of the high fat/cholesterol diet produce endothelial dysfunction in conduit coronary arteries at this early stage of disease whereas endothelial function seems to be preserved in coronary arterioles. Perhaps of equal importance, endothelial function in the coronary circulation of these animals, from conduit to resistance arteries, parallels the spatial pattern of pathology.
It is also of interest that platelet induced dilation was attenuated in arterioles from HFSED pigs. Aggregating platelets release many factors, including but not limited to serotonin, ADP, platelet-activating factor (PAF), and thromboxane (TXA 2 ) (6, 20, 21).
Endothelial dependent dilation was examined, without the confounding influence of prostanoid constrictors and dilators, by adding Indo to the bath to block the COX pathway. Further, we used Ketanserin to block smooth muscle serotonin receptors to prevent platelet induced constriction. Since ADP responses were not altered by the high fat/cholesterol diet or exercise training; and PAF and TXA 2 work primarily through the COX pathway, these results suggest endothelial sensitivity to serotonin may be altered with the high fat/cholesterol diet.
NOS, COX and non-NOS/non-COX mediators:
The results of the pharmacology experiments revealed the following: 1) Neither HF or EX treatment appeared to alter the contribution of NOS or non-NOS/non-COX pathways to BK-induced dilation since L-NAME and L-NAME + Indo attenuated BK-induced dilation to a similar extent in all groups of animals, 2) Indomethacin treatment produced similar dilation in NFSED and NFEX. However, indomethacin treatment revealed that HFSED arterioles stimulated with BK released a prostanoid constrictor while HFEX arterioles released a prostanoid dilator. These results suggest that the high fat/cholesterol diet caused increased production of a prostanoid constrictor during BK treatment.
Further, this modest shift in the COX pathway activated by BK was altered by exercise training so that the COX pathway appeared to produce a prostanoid dilator in HFEX arterioles.
IHC and Immunoblots:
Immunohistochemistry was used to assess eNOS localization within the artery wall. In these arterioles, staining for eNOS protein was limited to the endothelial cells. eNOS protein, as measured with immunoblot was decreased in HF arterioles and increased in arterioles taken from exercise trained pigs. These data, by themselves, suggest HF may attenuate the relative contribution of nitric oxide to endothelium-dependent dilation.
Also, these results suggest that exercise training would augment the relative contribution of nitric oxide to endothelial-dependent dilation. Interestingly, only responses to aggregating platelets were attenuated in HFSED arterioles. Indeed, bradykinin, flow, and ADP induced dilation were similar in normal and HF arterioles and no differences were observed with exercise training. Further, NOS inhibition with L-NAME significantly attenuated BK induced dilation to a similar extent in all experimental groups. Thus changes in eNOS protein did not alter endothelial dependent dilation nor the relative contribution of NO to BK induced dilation. This finding that statistically significant changes in eNOS protein did not translate into changes in NO mediated dilation in response to BK was unexpected. These data suggest the changes in eNOS protein content were not great enough to exert physiological effects and/or other mechanisms associated with NO production/bioavailability were altered.
CONCLUSIONS:
In NF, normal fat; HF, high fat; SED, sedentary; EX, exercise trained. Maximal intraluminal diameter is the largest diameter obtained during the experiment or with 1e-4 SNP, which ever was greatest. Spontaneous tone is the tone developed over the 1hr equilibration period, (arterioles were required to develop >20% spontaneous tone to be used). Relative diameter is the ratio of a vessels diameter relative to its maximal diameter x 100. Arterioles with/without inhibitors reflect a subgroup of arterioles that were assessed with or without L-Name and/or Indo.
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